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HIGHLIGHTS 


•  Synthesis  of  highly  uniform  (3-NaYF4:Er3+/Yb3+@Si02  core— shell  hexagonal  nano-prisms. 

•  Fabrication  of  DSSCs  with  p-NaYF4:Er3+/Yb3+@Si02  as  a  bifunctional  material. 

•  Enhanced  light  scattering  and  up-conversion  were  obtained  in  (3-NaYF4:Er3+/Yb3+@Si02. 

•  The  properties  of  the  DSSC  with  15  wt  %  (3-NaYF4:Er3+/Yb3+@Si02  were  greatly  improved. 

•  Improvement  is  attributed  to  light  scattering  and  up-conversion  of  p-NaYF4:Er3+/Yb3+. 
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Highly  uniform,  monodisperse  (3-NaYF4:Yb3+/Er3+(NYFYE)  up-conversion  phosphor  submicron  hexago¬ 
nal  prisms  coated  with  a  Si02  layer  are  synthesized  via  a  hydrothermal  route,  forming  a  core-shell 
NYFYE@Si02  crystallites.  These  crystallites  are  incorporated  into  Ti02  nanocrystalline  porous  film  to  act 
as  a  bifunctional  layer  and  form  a  composite  photoanode  employed  in  dye-sensitized  solar  cells  (DSSCs). 
The  influences  of  different  amount  of  the  NYFYE@Si02  on  the  performance  of  the  composite  photo¬ 
anodes  and  DSSCs  are  investigated.  Studies  indicate  that  by  adding  NYFYE@Si02  the  light  scattering, 
absorption  and  near-infrared  light  harvesting  of  the  composite  photoanode  are  significantly  increased, 
resulting  in  the  great  enhancement  in  the  short-circuit  current  density  (Jsc)  and  photoelectric  conversion 
efficiency  (77)  of  the  DSSCs.  The  optimal  properties  with  an  Jsc  of  14.91  mA  cm-2  and  r\  of  7.28%  are 
obtained  in  a  DSSC  with  NYFYE@Si02  content  of  15  wt  %,  increasing  significantly  by  14%  and  29%, 
respectively,  in  comparison  with  those  of  the  DSSC  with  pure  Ti02  photoanode.  This  significant 
enhancement  in  the  performance  of  the  DSSCs  can  be  attributed  to  the  enhanced  light  absorption  due  to 
the  enhanced  light  scattering  and  near-infrared  up-conversion  of  the  NYFYE@Si02  bifunctional  layer  in 
the  photoanode  of  the  DSSCs. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Exploitation  and  utilization  of  renewable  energy  has  recently 
been  proposed  as  a  main  solution  for  fossil  fuel  crisis  and  global 
warming.  Among  the  candidates  for  the  renewable  energy  so  far, 
solar  cell  is  a  good  choice.  Dye-sensitized  solar  cells  (DSSCs), first 
demonstrated  by  Oregan  and  Gratzel  in  1991  [1],  has  been 
regarded  as  the  most  promising  solar  cells  in  the  renewable 
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energy  field  due  to  its  relatively  high  photoelectric  conversion 
efficiency,  potentially  low  cost  and  simple  fabrication  methodol¬ 
ogy  [2 -5]. Typically,  a  standard  DSSC  comprises  a  photoanode  of 
dye-sensitized  porous  nanocrystalline  Ti02  film,  a  Pt-coated 
conductive  glass  as  counter  electrode  and  an  electrolyte  solution 
with  a  redox  couple  iodide/triiodide  )  between  the  elec¬ 

trodes.  In  order  to  improve  the  photoelectric  conversion  efficiency 
of  DSSCs,  various  techniques,  such  as  controlling  Ti02  photoanode 
into  various  nanostructural  morphologies  [6-8],  dopants  [9-11], 
new  synthesized  redox  shuttles  12,13]  and  dyes  capable  of 
effectively  absorbing  visible  and  near-infrared  light  [14],  have  been 
explored.  The  dye  adsorbed  onto  the  surface  of  the  porous  Ti02 


K.  Guo  et  al.  /  Journal  of  Power  Sources  249  (2014)  72-78 


73 


film  of  DSSCs  plays  an  important  role  in  harvesting  sunlight.  Upon 
light  irradiation,  the  dye  is  promoted  into  an  electronically  excited 
state  by  absorbing  photon  and  produce  photo-stimulated  elec¬ 
trons,  and  this  electrons  can  transfer  into  the  conduction  band  of 
the  Ti02  film.  Thus,  the  light-harvesting  efficiency  (LHE)  of  the  dye 
and  the  quantity  of  the  photo-stimulated  electrons  would  deter¬ 
mine  the  efficiency  of  DSSCs  to  a  great  extent  [15].  And  enhancing 
the  LHE  of  dye  would  be  an  effective  way  to  increase  the  photo¬ 
electric  conversion  efficiency  of  DSSCs.  However,  the  Ru  dyes  (N3 
and  its  derivatives),  currently  the  most  common  used  dyes  in 
DSSCs,  usually  absorb  light  only  up  to  about  700  nm  due  to  their 
relatively  large  optical  bandgap  (Eg  =  ~1.8  eV)  16],  which  means 
that  approximately  50%  energy  of  the  solar  spectrum  in  near- 
infrared  (NIR)  region  is  not  utilized  [16,17].  Consequently,  the 
photoelectric  conversion  efficiency  of  DSSCs,  to  great  extent,  is 
limited  by  this  spectral  mismatch  losses.  Accordingly,  extending 
the  spectral  response  range  of  the  photoanode  to  the  NIR  region  is 
greatly  expected  to  increase  the  photoelectric  conversion  effi¬ 
ciency  of  DSSCs. 

Up-conversion  (UC),  first  proposed  in  1959  [18],  refers  to  a 
nonlinear  optical  process  in  which  an  UC  material  can  convert 
NIR  light  (>900  nm)  to  visible  light  (<700  nm)  by  absorbing  NIR 
low-energy  photons  and  then  emitting  visible  high-energy 
photons  (anti-Stokes  type  emission).  UC  materials  have 
recently  received  considerable  attention  due  to  their  wide  ap¬ 
plications  in  biomedical  imaging  [19, 20], semiconductor  quan¬ 
tum  dots  and  organic  dyes  [21],  photovoltaic  applications  [22,23] 
and  flat-panel  displays  monitors  [24].  Among  the  investigated 
UC  materials  so  far,  the  hexagonal  phase(p-)  of  NaYF4  host  lattice 
doped  with  lanthanide  combinations  of  Yb3+/Er3+  has  the 
highest  UC  efficiency  [25].  This  (3-NaYF4:Yb3+/Er3+  (named  as 
NYFYE)  can  generate  strong  green  emission  after  absorbing  NIR 
light  [26].  Recently,  studies  on  enhancing  the  photoelectric 
conversion  efficiency  of  DSSCs  via  incorporating  with  such  UC 
materials  has  been  conducted  [27,28].  For  the  purpose  of 
matching  well  with  nanocrystalline  Ti02  and  light  scattering 
demand,  the  crystallite  size  of  the  UC  material  used  in  the 
photoanode  of  DSSCs  should  be  submicron  or  smaller.  However, 
compared  with  bulk  UC  material,  small  UC  crystallites  show  a 
classical  drawback,  namely  poor  luminescent  efficiency.  For 
example,  in  the  case  of  lanthanide-based  UC  nano-crystallite,  the 
presence  of  surface  defects  and  ligands  with  high-energy 
vibrational  modes  such  as  OH  or  NH2  groups  can  lead  to  the 
quenching  of  the  excited  lanthanide  states  by  multiphonon 
relaxation  processes  (namely  energy  losses)  [29,30].  In  addition, 
the  surface  defects  and  ligands  of  the  UC  nano-crystallite  in  Ti02 
photoanode  film  would  act  as  an  electron  trapping  center  and 
lead  to  charge  recombination  at  the  surface,  which  is  the  major 
limitation  for  their  application  in  DSSCs  [27].  Fortunately, 
coating  UC  nano-crystallite  with  an  insulating  layer  to  form  a 
core-shell  architecture  helps  to  overcome  this  problem  to  some 
extent  [28].  Therefore,  by  using  the  insulating  Si02  as  a  coating 
layer  to  solve  the  above  mentioned  problem  and  prepare  the 
core(NYFYE)-shell(Si02)  structure  (NYFYE@Si02)  crystallites  and 
apply  them  in  DSSCs,  greatly  enhancing  the  photoelectric  con¬ 
version  efficiency  of  DSSCs  might  be  expected.  However,  such 
study  has  rarely  been  reported. 

In  this  paper,  we  report  the  preparation  of  highly  uniform  and 
monodisperse  core-shell  structural  NYFYE@Si02  crystallites  by 
hydrothermal  method.  Different  amounts  of  NYFYE@Si02  were 
incorporated  into  Ti02  nanocrystalline  films  to  form  the  composite 
photoanodes  and  then  the  DSSCs,  as  shown  schematically  in  Fig.  1. 
The  influence  and  mechanism  of  such  NYFYE@Si02  crystallites 
on  the  performance  of  the  photoanodes  and  the  DSSCs  were 
investigated. 
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Fig.  1.  (a)  Schematic  structure  of  the  DSSCs  incorporated  with  core-shell  NYFYE@Si02 
in  Ti02  film,  (b)  Cross  section  of  an  NYFYE@Si02  hexagonal  prism  and  the  schematic  of 
the  UC  process. 


2.  Experimental  section 

2.1.  Materials 

NaF,  Y(N03)3-6H20,  Yb(N03)3-6H20  and  Er(N03)3-6H20  were 
purchased  from  Wuhan  Chemical  Corporation  (China).  The  ethanol 
(EtOH,  95%),  Triton-XlOO,  acetylacetone,  Poly  (ethylene  glycol) 
(PEG,  MW  =  20,000),  Tetraethylorthosilicate  (TEOS,  99.9%), 
ammonia  (28-30  wt  %  NH3  in  water),  nitric  acid  (HN03, 
65%  ~  68%),  polyvinylpyrrolidone  (PVP,  Mw  =  55  k  in  terms  of 
monomeric  units)  (>99.5%)  and  propylene  carbonate  (PC)  were 
obtained  from  Sinopharm  Chemical  Reagent  Corporation  (China). 
The  Ru  dye  and  cis-di(thiocyanato)-bis(2,2'-bipyridyl-4,4'-dicar- 
boxylate)  ruthenium(II)  (N719)  were  purchased  from  Solaronix 
(Switzerland).  The  Iodine  (I2,  99.8%)  was  acquired  from  Beijing  Yili 
Chemicals  (China).  Lithium  iodide  (Lil,  99%)  and  4-tert-butylpyr- 
idine  (TBP)  were  purchased  from  Acros  (China).  The  fluorine-doped 
Sn02  conductive  glasses  (FTO,  sheet  resistance  10-15  Q  sq-1,  Asahi 
Glass,  Japan)  were  used  as  the  substrate  for  the  preparation  of 
mesoporous  nanocrystalline  Ti02  film.  All  water  used  in  the  fabri¬ 
cation  was  deionized  (18.2  MQ,  milli-Qpore). 

2.2.  Synthesis  of  NYFYE@Si02  core-shell  structure 

NYFYE@Si02  submicron  hexagonal  prisms  with  highly  unifor¬ 
mity  and  monodispersity  were  grown  by  a  modified  hydrothermal 
reduction  technique  [31].  Typically,  a  Di-water  solution  (20  ml)  in 
beaker  containing  Y(N03)3-6H20,  Yb(N03)3-6H20  and 

Er(N03)3-6H20  (ion  molar  ratio,  Y/Yb/Er  =  78:20:2)  were  first 
prepared  and  stirred  magnetically  for  20  min;  Then  an  aqueous 
solution  of  sodium  citrate  (40  ml)  was  added  into  the  above  solu¬ 
tion,  keeping  for  continuous  stirring  for  1  h.  Subsequently,  an 
aqueous  solution  (82  ml)  of  NaF  (2.1  g)  was  added  to  the  above 
solution  and  stirred  for  another  40  min.  Finally,  the  pH  value  of  the 
solution  was  adjusted  to  3.5.  Then  the  solution  was  transferred  into 
two  Teflon-lined  autoclaves  (100  ml  for  each)  and  heated  at  200  °C 
for  4  h  to  obtain  the  submicron  hexagonal  prisms.  This  as-prepared 
NYFYE  solution  was  then  centrifuged  at  6000  rpm  for  5  min  for 
three  times  and  dried  at  80  °C  for  3  h  to  remove  excess  sodium 
citrate  and  obtain  the  white  precipitates  (NYFYE  submicron  hex¬ 
agonal  prisms).  The  white  precipitates  were  then  re-dispersed  into 
EtOH  solution  and  then  coated  with  silica  to  form  NYFYE@Si02 
core-shell  structure  by  the  modified  Stober  method  [32].  The  as- 
prepared  NYFYE@Si02  white  powders  were  then  collected  by 
centrifugation  and  then  dried  at  80  °C  for  3  h  for  further  usage. 
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2.3.  Fabrication  of  the  photoanodes  and  DSSCs 

The  Ti02  pastes  were  produced  by  ball  milling  Ti02  powder  [33]. 
The  Ti02  pastes  containing  different  amounts  of  NYFYE@Si02  were 
prepared  according  to  a  series  of  mass  ratio  (NYFYE:Ti02  =  0,  5%, 
10%,  15%,  20%).  These  pastes  were  coated  on  FTO  glasses  by  doctor¬ 
blading  technique,  then  dried  under  ambient  conditions  and  sin¬ 
tered  at  500  °C  to  obtain  the  photoanodes.  Then,  these  photo¬ 
anodes  were  dye-sensitized  by  immersing  them  into  the  solution  of 
cis-di(thiocyanato)-bis(2,2/-bipyridyl-4,4/-dicarboxylate)  ruth- 
enium(II)  (N719)  with  a  concentration  of  500  pM  in  the  mixture  of 
EtOEI  and  tert-butyl  alcohol  (volume  ratio:  1/1)  at  60  °C  overnight. 
Then  these  sensitized  photoanodes  were  washed  with  EtOH  to 
remove  the  dye  molecules  physisorbed  on  the  surface  of  the 
nanocrystalline  Ti02  films  to  ensure  that  these  films  were  covered 
with  a  monolayer  of  dye  molecules  and  then  dried  in  the  oven  at 
60  °C.  These  photoanodes  and  the  platinized  counter  electrodes 
were  then  assembled  to  form  a  series  of  DSSCs  by  sandwiching 
redox  (/-//j)  electrolyte  solution  in  between. 

2.4.  Characterizations 

The  morphologies  of  the  NYFYE  and  NYFYE@Si02  were  char¬ 
acterized  by  a  field-emission  scanning  electron  microscope  (SEM, 
JEOL,  6700F,  Japan).  The  crystalline  structures  of  these  materials 
were  determined  by  X-ray  diffraction  (XRD,  D8  Advance,  Bruker, 
Germany).  High  magnification  images  of  the  NYFYE  prisms  with 
and  without  Si02  coating  were  obtained  by  transmission  electron 
microscope  (TEM,  JEM-2010FEF(UEIR))  characterization.  More¬ 
over,  the  chemical  species  of  the  NYFYE@Si02  were  analyzed  by 
Energy-dispersive  X-ray  spectroscopy  (EDX,  GENESIS  70000).  The 
UV-vis  absorption  spectra  of  these  samples  were  obtained  on  a 
UV-vis-NIR  spectrophotometer  (Cary  5000,Varian).  The  current 
density— voltage  ( J—V)  characteristics  of  the  DSSCs  were 
measured  under  an  irradiance  of  100  mW  cnrT2  (AM  1.5  simu¬ 
lated  illumination  (Newport,  91192,  Global))  and  an  effective 


irradiating  area  of  0.25  cm2.  Electrochemical  impedance  spectra 
(EIS)  were  recorded  by  a  computer-controlled  electrochemical 
workstation  (CEII660C,  Shanghai,  China)  in  the  condition  of  open 
circuit  under  100  mW  cm-2  irradiation  and  a  frequency  range  of 
100  kEIz  to  0.1  EIz.  The  amount  of  dye  loaded  on  the  photoanodes 
was  measured  by  the  UV-vis  absorption  spectra  of  the  dye 
desorbed  from  these  photoanodes  by  immersing  them  in  a  mixed 
solution  of  water  and  ethanol  (volume  ratio  =  1:1)  containing 
0.1  M  NaOH. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  NYFYE 

Fig.  2a-c  displays  the  typical  SEM  images  of  the  NYFYE 
sample.  A  low  magnification  SEM  image  (Fig.  2a)  shows  that  the 
as-synthesized  sample  consists  of  a  large  quantity  of  hexagonal 
submicron  prisms  with  high  uniformity,  monodispersity,  and 
well-defined  crystallographic  facets.  Measurement  statistically 
shows  that  these  submicron  prisms  have  an  average  size  of  about 
483  nm  in  diameter  and  422  nm  in  height.  Moreover,  from  the 
SEM  images  of  a  higher  magnification  (Fig.  2b),  we  can  see  that 
these  NYFYE  prisms  exhibit  smooth  surface  with  clear  sharp  edge, 
whereas  the  surface  of  the  core-shell  NYFYE@Si02  prisms  be¬ 
comes  a  little  rough  (Fig.  2c).  In  addition,  as  can  be  seen  from  the 
XRD  patterns,  all  the  diffraction  peaks  seen  in  Fig.  2d  can  be  well 
indexed  to  the  data  of  the  standard  card  of  (3-NaYF4  (JCPDS  file 
No.16-0334),  suggesting  that  this  sample  consist  of  pure  NYFYE 
crystals  and  that  Yb3+/Er3+  have  been  effectively  doped  into  the 
host  lattices  of  the  (3-NaYF4.  Due  to  the  amorphous  structure  of 
Si02  shell,  no  Si02  diffraction  peak  was  found  in  the  XRD  pattern 
of  the  NYFYE@Si02.  Moreover,  the  high  intensity  of  the  diffraction 
peaks  of  both  the  NYFYE  and  NYFYE@Si02  in  the  XRD  patterns 
further  demonstrates  that  these  samples  are  well  crystallized. 
This  is  benefit  for  UC,  because  high  crystallinity  generally  means 
less  traps  and  stronger  luminescence  [26]. 
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Fig.  2.  Typical  SEM  images  of  the  NYFYE  at  (a)  lower  magnification  and  (b)  higher  magnification;  (c)  SEM  image  of  the  NYFYE@Si02  core-shell  structure;  (d)  XRD  patterns  of  the 
NYFYE  and  NYFYE@Si02. 
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Fig.  3.  TEM  images  of  the  NYFYE  (a)  and  core-shell  NYFYE@Si02  (b)  submicron  prisms;  (c)  EDS  pattern  of  the  core-shell  NYFYE@Si02. 


Fig.  3a— b  shows  TEM  images  of  the  NYFYE  and  NYFYE@Si02 
prisms.  In  comparison  with  the  bare  NYFYE  (Fig.  3a),  it  can  be  seen 
clearly  that  the  whole  NYFYE  prism  was  coated  well  by  a  uniform 
Si02  shell,  forming  a  core-shell  NYFYE@Si02  structure  (Fig.  3b). 
Further  evidence  for  the  core— shell  structure  of  the  NYFYE@Si02 
was  also  obtained  by  the  EDS  spectrum  (Fig.  3c),  in  which  the  peaks 
of  Si  and  0  were  both  observed. 

3.2.  Spectra  characteristics  of  the  NYFYE 

Fig.  4a  displays  the  absorption  spectra  of  the  NYFYE  prisms  in 
colloidal  dispersion.  An  absorption  peak  at  a  wavelength  of  about 
980  nm  was  clearly  observed,  which  corresponds  to  the  transition 
of  the  Yb3+  ions  in  between  the  energy  level  2F7/2  to  2F5/2  [31].  As 
aforementioned,  NYFYE@Si02,  being  an  UC  material,  is  capable  of 
converting  NIR  to  visible  light,  which  can  be  confirmed  by  the 
fluorescence  spectrum  of  the  NYFYE@Si02.  Under  the  excitation  of 
980  nm  NIR  light,  two  UC  emission  bands  of  the  NYFYE@Si02  in  the 
curve  (see  the  blue  line  of  Fig.  4a),  centered  at  nearly  543  nm  (green 
emission  band  A)  and  655  nm  (red  emission  band  B)  arised  by  two 
photon  processes  (see  Fig.  4b),  are  observed,  respectively  [27].  The 


green  light  corresponds  to  the  emission  from  the  excited  states  of 
Er3+  of  2Hn/2,  4F7/2,  and  4S3/2  to  the  ground  state  of  4Iis/2,  and  the 
red  one  results  from  the  emission  from  the  excited  state  4F9/2  to  the 
ground  state  4Iis/2  [30].  These  visible  lights  converted  from  the  NIR 
light  can  be  effectively  absorbed  by  the  N719  dye  as  shown  by  its 
absorption  spectra  (Fig.  4c),  which  improve  the  utilization  of  inci¬ 
dent  light  and  then  the  efficiency  of  the  DSSCs. 

3.3.  Influences  of  the  NYFYE  on  the  performance  of  the  photoanode 

In  order  to  assess  the  effect  of  NYFYE@Si02  on  the  light  response 
of  the  composite  films,  the  UV-vis  spectra  of  the  composite  films 
incorporated  with  different  amounts  of  NYFYE@Si02  were 
measured  and  presented  in  Fig.  5.  The  light  absorption  of  the 
composite  films  increases  with  the  increase  of  the  NYFYE@Si02  in 
the  films  in  the  whole  visible  region  in  comparison  with  that  of  the 
pure  Ti02  film,  as  shown  in  Fig.  5a.  This  notably  enhancement  in 
light  absorption  should  be  mainly  attributed  to  the  scattering  effect 
of  the  NYFYE@Si02  in  the  films  [27],  which  would  reduce  the 
transmission  of  the  incident  light,  extend  the  optical  path  inside  the 
films  and  thus  increase  the  LFIE  [28].  To  verify  our  above  inference, 


Fig.  4.  (a)  The  UV-vis  absorption  (black  line)  and  UC  fluorescence  (blue  line)  spectra  of  the  NYFYE@Si02;  (b)  the  diagrams  of  energy  levels  of  Yb3+-Er3+  and  UC  luminescence 
processes  in  an  Yb3+-Er3+  codoped  system  upon  980  nm  excitation;  (c)  UV-vis  absorption  spectrum  of  the  N719  dye.  (For  interpretation  of  the  references  to  color  in  this  figure 
legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  5.  UV-vis  absorption  spectra  (a),  transmittance  spectra  (b),  and  scattering  spectra  (c)  of  the  Ti02  films  containing  different  amounts  of  NYFYE@Si02.  (d)  UV-vis  absorption 
spectra  of  the  dyes  desorbed  from  the  Ti02  films  with  different  amounts  of  NYFYE@Si02. 


both  of  the  transmittance  (Fig.  5b)  and  scattering  (Fig.  5c)  spectra  of 
these  films  were  measured.  As  one  can  see  in  Fig.  5b,  the  light 
transmission  of  the  composite  films  decrease  and  the  light  scat¬ 
tering  (reflection)  of  the  films  increase,  respectively,  with  the  in¬ 
crease  of  the  added  NYFYE@Si02  (Fig.  5c),  suggesting  that  the 
NYFYE@Si02  acts  as  scattering  center  and  increases  light  path  in¬ 
side  the  mesoporous  photoanode.  To  further  confirm  above  result, 
the  amount  of  dyes  loaded  onto  each  film  were  measured.  The  UV- 
vis  absorption  spectra  of  the  dye  desorbed  from  the  dye-sensitized 
Ti02  films  measured  in  NaOFI  solution  are  shown  in  Fig.  5d.  It  is 
noted  that  the  intensity  of  the  absorption  peak  at  around  500  nm  of 
the  dye  desorbed  from  the  Ti02  films  with  NYFYE@Si02  is  slightly 
lower  than  that  of  the  pure  Ti02  film,  indicating  that  the  amount  of 
dye  loaded  in  the  Ti02  films  containing  NYFYE@Si02  decreases.  This 
decrease  in  amount  of  the  adsorbed  dye  might  be  the  result  of  the 
possible  decreased  surface  area  of  the  Ti02  porous  films  due  to  the 
incorporation  of  the  NYFYE@Si02.  In  spite  of  the  less  amount  of  dye 
loaded  in  the  Ti02  films  with  NYFYE@Si02,  these  films  have 
stronger  light  absorption  than  that  of  the  pure  Ti02  film,  which 
confirms  our  aforementioned  inference  that  the  enhanced  light 
absorption  of  these  composite  Ti02  films  is  not  arised  from  the 


increase  of  dye  but  the  enhanced  light  scattering  inside  the  pho¬ 
toanode  film  arising  from  NYFYE@Si02  crystallites. 

3.4.  Effects  of  NYFYE  on  the  performance  of  DSSCs 

To  investigate  the  effects  of  the  core-shell  NYFYE@Si02  parti¬ 
cles  on  the  performance  of  DSSCs,  a  serial  of  DSSCs  made  of  N719- 
sensitized  Ti02  film  photoanodes  with  different  contents  of  the 
core-shell  NYFYE@Si02  particles  were  prepared.  For  comparison 
purpose,  the  DSSC  based  on  pure  Ti02  photoanode  was  also  pre¬ 
pared.  Fig.  6a  shows  the  photocurrent  density-voltage  {J—V) 
characteristics  of  these  DSSCs,  and  their  performance  parameters 
are  tabulated  in  Table  1.  Fig.  6b  presents  the  dependence  of  the 
performance  parameters  (Jso  p)  of  the  DSSCs  on  the  amount  of 
NYFYE@Si02  in  the  Ti02  films.  As  can  be  seen  from  Fig.  6b,  both  Jsc 
and  1)  exhibit  an  increase  and  then  decrease  changes  with  the 
increasing  concentration  of  NYFYE@Si02.  For  the  DSSC  containing 
15  wt  %  of  the  NYFYE@Si02,  the  optimized  performance  with  a  Jsc  of 
14.19  mA  cm-2,  Voc  of  766  mV  and  p  of  7.28%  is  achieved,  exhibiting 
a  —14%,  —5%  and  —29%  enhancement  respectively  in  comparison 
with  those  of  the  DSSC  with  pure  Ti02  photoanode.  These 


Fig.  6.  (a)  J—V  curves  of  the  DSSCs  as  a  function  of  the  concentration  of  NYFYE@Si02  (the  inset  is  the  J—V  curve  of  the  DSSCs  with  0  wt  %  and  15  wt  %  NYFYE@Si02  addition  at  980  nm 
NIR  light  irradiation);  (b)  Jsc  and  tj  of  the  DSSCs  varying  with  the  concentration  of  NYFYE@Si02. 
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Table  1 

Performance  parameters  of  the  DSSCs  varying  with  different  contents  of 
NYFYE@Si02. 


Group 

Jsc/mA 

cm"2 

Voc/mV 

FF 

Vl% 

K2/Q 

Dye  amount/ x 
10-7  mol  cm-2 

Ti02 

12.43 

731 

0.62 

5.65 

12.8 

1.364 

5  wt  % 

12.73 

737 

0.63 

5.95 

19.1 

1.214 

10  wt  % 

13.93 

742 

0.64 

6.62 

19.8 

1.186 

15  wt  % 

14.19 

766 

0.66 

7.28 

22.6 

1.147 

20  wt  % 

13.62 

761 

0.66 

6.89 

24.3 

1.132 

improvements  in  performance  are  consistent  with  the  UV— vis 
spectra  (Fig.  5a— c).  As  aforementioned,  the  amount  of  dye  loaded  in 
the  Ti02  films  with  NYFYE@Si02  is  a  little  less  than  that  of  the  pure 
Ti02  film  (Fig.  5d).  Therefore,  the  increases  in  Jsc  and  77  could  be 
mainly  attributed  to  the  scattering  effect  [Fig.  5c]  and  the  UC 
function  of  the  NYFYE@Si02  [27,34].  To  confirm  the  UC  function,  the 
photovoltaic  response  (inset  of  Fig.  6a)  of  the  optimized  DSSC  with 
15  wt  %  NYFYE@Si02  addition  was  also  measured  under  illumina¬ 
tion  of  NIR  light  source  of  980  nm  (0.4  W  power)  and  the  irradiated 
area  of  about  0.2  cm2  469  mV  of  Voc  and  0.033  mA  cm-2  of  Jsc  were 
obtained  in  the  DSSC,  which  are  superior  than  that  of  the  DSSC  with 
pure  Ti02  film  and  are  similar  with  those  reported  [28  .  This  result 
combined  with  that  shown  in  Fig.  4b  confirm  that  the  improvement 
of  the  DSSC  performance  is  also  due  to  the  UC  of  the  NYFYE@Si02. 

Flowever,  with  further  increasing  the  amount  of  NYFYE@Si02 
over  15  wt  %,  the  Jsc  decreases  accordingly  (see  Table  1  and  Fig.  6). 
One  reason  for  this  decrease  in  Jsc  can  be  associated  with  the  excess 
amount  of  NYFYE@Si02  in  Ti02  films  that  may  reduce  the  effective 
surface  area  of  Ti02  films  and  the  amount  of  dye  absorbed  (Fig.  5d) 
[35];  Therefore,  when  the  increase  of  the  photocurrent  resulted 
from  the  scattering  and  UC  of  the  NYFYE@Si02  crystallites  is  not 
enough  to  compensate  the  decrease  of  the  photocurrent  resulted 
from  the  decrease  of  the  absorbed  dye  due  to  the  NYFYE@Si02 
addition,  the  continued  increase  of  the  NYFYE@Si02  would  result  in 
the  decrease  of  Jsc.  Another  reason  for  the  decrease  in  Jsc  might  be 
associated  with  the  insulating  property  of  these  NYFYE@Si02 
crystallites  embedded  in  the  TiC^  matrix.  Due  to  the  insulating 
property  of  these  NYFYE@Si02,  the  connection  between  the  semi¬ 
conductor  Ti02  nanoparticles  was  obstructed.  This  suggests  that 
some  photogenerated  electrons  have  to  get  around  these  noncon¬ 
ductor  NYFYE@Si02  crystallites  and  then  reach  to  the  collecting 
electrode.  Therefore,  the  transporting  path  of  electrons  is  pro¬ 
longed,  and  then  the  recombination  possibility  of  the  electrons  at 
the  interface  of  dye/Ti02/electrolyte  increases  [27],  resulting  in  the 
decrease  in  Jsc  to  some  extent  when  the  content  of  NYFYE@Si02 
exceeding  15%. 

To  get  further  insight  into  the  difference  in  the  charge  transfer 
resistance  at  the  interfaces  of  the  conducting  Iayer/Ti02,  Pt/elec- 
trolyte,  and  dye/TiC^/electrolyte  in  DSSCs,  the  EIS  of  the  DSSCs  were 
measured  36].  Fig.  7  shows  the  typical  EIS  Nyquist  plots  of  the 
DSSCs  with  different  amount  of  NYFYE@Si02.  From  left  to  right  in 
the  figure,  the  Rs  is  the  sheet  resistance  of  the  FTO  layer,  the  first 
semicircle  Z\  represents  the  complex  impedance  of  the  charge 
transfer  at  the  Ti02  conduction  layer  or  the  counter-electrode-Pt/ 
electrolyte  interfaces,  and  the  second  semicircle  Z2  stands  for  the 
complex  impedance  of  the  TiC^/dye/electrolyte  interface  [37  .  Due 
to  the  identical  of  the  Pt-coated  counter-electrodes  and  FTO  glasses 
used  in  the  DSSCs,  the  influences  of  Z\  and  Rs  can  be  ignored. 
Therefore,  our  main  concern,  here,  is  focused  on  the  Ti02/dye/ 
electrolyte  interface  transfer  impedance  Z2.  It  can  be  seen  clearly 
from  Fig.  7,  with  the  increase  of  the  NYFYE@Si02,  the  diameter  of 
the  Z2  increase,  i.e.  the  electron  transfer  resistance  R2  (real  part  of 
Z2,  the  diameter  of  the  semicircle)  of  the  Ti02/dye/electrolyte 
interface  increases.  The  R2  derived  from  Z2  by  an  equivalent  circuit 


Fig.  7.  The  Nyquist  plots  of  EIS  for  the  DSSCs  as  a  function  of  NYFYE@Si02  contents 
(inset  is  the  equivalent  circuit). 

fitting  (the  inset  of  Fig.  7)  are  summarized  in  Table  1.  As  shown  in 
Table  1,  the  R2  increases  from  12.8  Q  for  the  conventional  DSSC  to 
24.3  Q  for  the  DSSC  with  20  wt  %  NYFYE@Si02.  As  discussed  before, 
the  reason  for  the  R2  increased  with  the  increase  of  the  NYFYE@- 
Si02  is  that  the  non-conductive  NYFYE@Si02  obstruct  electron 
transfer  in  the  Ti02  porous  film  to  some  extent.  The  larger  the  R2, 
the  more  is  the  electron  recombination  at  the  dye/TiC^/electrolyte 
interface  [34],  and  the  smaller  is  the  Jsc.  This  also  confirm  that  the 
adding  of  excess  amount  (20  wt  %)  of  NYFYE@Si02  in  T1O2  films  not 
only  reduces  the  dye  loading,  but  also  obstructs  the  electron 
transfer,  and  these  disadvantages  compensates  the  improvements 
in  properties  of  DSSCs  due  to  the  enhanced  scattering  and  UC,  and 
thus  results  in  the  decreased  Jsc  and  77  of  the  DSSCs  (Fig.  6b). 

4.  Conclusions 

In  this  work,  novel  up-conversion  phosphor,  core-shell 
NYFYE@Si02  submicron  hexagonal  prisms  were  successfully  syn¬ 
thesized  and  incorporated  into  TiC^  photoanode  film  acting  as  a 
bifunctional  layer  for  DSSCs.  The  influences  of  different  amount  of 
NYFYE@Si02  on  the  performance  of  the  photoanodes  and  DSSCs 
were  investigated.  Studies  reveal  that  with  the  increase  of  the 
incorporated  NYFYE@Si02,  the  light  absorption  and  scattering  of 
the  complex  photoanode  in  the  visible  region  increase,  while  the 
transmission  of  incident  light  and  the  amount  of  dye  absorbed  in 
the  photoanode  decrease.  The  Jsc  and  77  increase  first  and  then 
decrease  with  the  increase  of  the  NYFYE@Si02.  The  optimal  prop¬ 
erties  were  obtained  in  a  DSSC  with  an  Jsc  of  14.19  mA  cm-2  and  77  of 
7.28%  at  the  NYFYE@Si02  content  of  15  wt  %,  about  14%  and  29% 
superior  to  those  of  the  DSSC  with  pure  TiC^  photoanode,  respec¬ 
tively.  This  significant  enhancement  in  the  performance  of  the 
DSSCs  can  be  attributed  to  the  enhanced  light  absorption  due  to  the 
enhanced  light  scattering  and  NIR  up-conversion  of  the  NYFYE@- 
Si02  bifunctional  layer  in  the  photoanode  of  the  DSSCs. 
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